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SUMMARY  
 
Wide spectrum of different options available for the treatment and management of 
waste substrates can be used. Variety of methods and technologies available to carry out 
material and energy recovery originates a number of “recovery paths”. One of the solutions 
for recovering some waste materials lies in white (or industrial) biotechnology, which 
involves metabolic activities of a wide range of different microorganisms and their specific 
biological conversions. In this work several waste materials (mainly from agriculture and 
food industry) were used in a comparative screening study to evaluate their potential 
recovery to a valuable metabolites or energy by various microorganisms applied under 
specific conditions and circumstances.  
Presented study was focused on a comparison of growth and production properties 
of several red yeast strains of the genus Rhodotorula, Sporobolomyces and 
Cystofilobasidium, when cultivated on glycerol media (technical and waste glycerol), on 
wheat straw media and residues gained after hydrothermal pretreatment and on media 
enriched with whey. 
All tested red yeast strains were able to utilize glycerol as the only carbon source. 
Biomass production, when cultivated on pure technical glycerol, are less or more equal 
with control (about 7 - 10 g∙l-1) while in waste glycerol is even higher (10.9 - 14.5 g∙l-1). 
Production of carotenoids and ergosterol was better in glucose medium than in medium 
with glycerol only. All tested red yeast strains were able to produce also neutral lipids, in 
range of 11 - 15 % except C.capitatum, which produced more than 22 % of neutral lipids. 
Further waste products - both fractions after hydrothermal wheat pretreatment 
process (filter cake and hydrolysate) and untreated wheat straw were utilized for red yeast 
cultivation. Wheat straw (as well as pretreated materials) has proved to be promising 
substrate with a great potential for biomass and metabolite production, especially in 
S. roseus strain. 
Whey, as a surplus product from dairy, can be effectively utilized by synergic 
activities of carotenogenic yeasts and lactic acid bacteria. Co-cultivation process could lead 
to overproduction of pigments and ergosterol and, therefore, obtained biomass enriched 
also with lactic acid bacteria will increase overall biomass quality. 
In this thesis, the operating microbe which shall be involved in the process of 
energy recovery represents a mixed bacterial culture obtained from the waste water plant. 
Those microbes played main role in Microbial Fuel Cell (MFC), producing electrical 
energy and cleaning waste water at once. Electricity is being generated in a direct way 
from organic matter and can be used for operation of the waste treatment plant, or sold to 
the energy market.  
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SOUHRN 
 
Pro zpracování a nakládání s odpadními substráty lze použít řadu postupů a 
možností. Stále se rozšiřující spektrum metod a technologií umožňuje další využití 
materiálů a energie ve formě obnovitelných zdrojů. Jedním z řešení pro zpětné získávání 
některých odpadních materiálů je využití tzv. bílé (průmyslové) biotechnologie, která 
zahrnuje praktickou aplikaci metabolických aktivit celé řady různých mikroorganizmů 
včetně jejich specifických biologických drah k produkci látek s vysokou přidanou 
hodnotou. V předložené práci screeningového typu bylo pro zhodnocení odpadních surovin 
využito několik druhů mikroorganizmů kultivovaných za různých specifických podmínek 
včetně kultivace na odpadních materiálech získaných zejména ze zemědělství a 
potravinářství. Cílem bylo získání vybraných typů průmyslově cenných metabolitů, 
případně energie. 
Předložená studie byla zaměřena na srovnání růstu a produkčních vlastností 
několika kmenů karotenogenních kvasinek rodu Rhodotorula, Sporobolomyces a 
Cystofilobasidium, kultivovaných v médiích s obsahem glycerolu (technický a odpadní 
glycerol), dále v médiích obsahujících pšeničnou slámu, hydrolyzovanou slámu 
zpracovanou v hydrotermálním procesu při vysoké teplotě a zbytky po filtraci hydrolyzátu. 
Dalším testovaným odpadním substrátem byla syrovátka.  
Všechny testované kvasinky byly schopny využít glycerol jako jediný zdroj uhlíku. 
Produkce biomasy při kultivaci na technickém glycerolu se více či méně přibližovala 
kontrole (cca 7 - 10 g∙l-1), zatímco při kultivaci na odpadním glycerolu byla produkce vyšší 
(10.9 - 14.5 g∙l-1). Produkce karotenoidů a ergosterolu byla vyšší v glukózovém médiu než 
v médiu s obsahem glycerolu. Všechny testované kvasinky byly rovněž schopny 
produkovat neutrální lipidy, a to v rozmezí 11 - 15 %, s výjimkou C. capitatum, kde 
produkce dosahovala více než 22 % obsahu neutrálních lipidů. 
Pšeničná sláma a produkty z ní připravené se ukázaly být využitelnými substráty 
s vysokým potenciálem  pro produkci biomasy i metabolitů, a to zejména u kmene 
S. roseus. 
Syrovátka, jako odpadní produkt mlékarenství, byla účinně využita jako substrát pro 
kokultivaci karotenogenních kvasinek a bakterií mléčného kvašení. Kokultivační proces 
může vyvolat nadprodukci pigmentů a ergosterolu, přičemž získaná biomasa díky 
obohacení o bakterie L. casei dosahovala vyšší kvality. 
 Za účelem energetického využití mikrobiálního metabolismu formou mikrobiálních 
palivových článků, tzv. „Microbial Fuel Cell“ byla aplikována směsná kultura bakterií 
získaných z čistírny odpadních vod. Tyto mikroorganizmy hrají významnou roli při výrobě 
elektrické energie a současně také při čištění odpadních vod. Elektřina je generována 
přímo z organických látek přítomných v kultivačním médiu a lze ji použít pro provoz 
čistírny samotné a případně i pro další aplikace. 
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1. CURRENT SITUATION OF THE STUDIED PROBLEM 
1.1. Waste substrates have a potential to be used in biotechnology 
The recovery of useful materials and the recovery of energy are the two means that 
can turn waste materials from a fearsome concern into a valuable asset. The variety of 
methods and technologies available to carry out material and energy recovery originates a 
number of “recovery paths” [1]. 
Over 1.8 billion tonnes of wastes are generated each year in Europe. This equals to 
3.5 tonnes per person. This is mainly made up of waste coming from households, 
commercial activities (e.g., shops, restaurants, hospitals etc.), industry (e.g., 
pharmaceutical companies, clothes manufacturers etc.), agriculture (e.g., slurry), 
construction and demolition projects, mining and quarrying activities and from the 
generation of energy. With such vast quantities of waste being produced, it is of vital 
importance that it is managed in such a way that it does not cause any harm to either 
human health or to the environment [2].  
There are a number of different options available for the treatment and management 
of waste including prevention, minimization, re-use, recycling, energy recovery and 
disposal. Under EU policy, land filling is seen as the last resort and should only be used 
when all the other options have been exhausted, i.e., only material that cannot be 
prevented, re-used, recycled or otherwise treated should be land filled [2]. One of the 
solutions for recovering some waste materials lies in white (or industrial) biotechnology, 
and its utilization involves a wide range of different microorganisms and their specific 
biological conversion. 
1.1.1. Waste glycerol obtained after process of transesterification  
The trans-esterification process is the reaction of a triglyceride (fat/oil) with an 
alcohol to form methyl esters and glycerol. Obtained crude glycerol is often dark in 
appearance with a dense, syrup-like consistency. The characteristics of the fat are 
determined by the nature of the fatty acids attached to the glycerine. The nature of the fatty 
acids can in turn affect the characteristic of the biodiesel [3]. Due to the potential 
exhaustion of conventional fuels and to various environmental issues (CO2 emission, 
global warming), the application of biofuels on a large commercial scale is strongly 
recommended (e. g. EU directive 2003/30/EC). Given that biodiesel derives from 
triacylglycerol trans-esterification yielding both fatty esters and the side-production of 
glycerol, the significant expansion of biodiesel would result in the generation of large 
quantities of glycerol. Already in 2007, an over-capacity of more than 6.6 million tonnes of 
glycerol occurred in Europe, while in the same year in Germany (one of the principal 
biodiesel-producing countries) crude glycerol was treated as a typical “industrial waste-
water” [4]. Therefore, glycerol over-production is likely to cause serious environmental 
problems in the future, and thus conversion of this by-product to added-value materials 
currently attracts increasing interest [4, 5, 6]. 
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1.1.2. Lignocellulosic biomass and wastes from dairy 
Lignocellulosic materials are natural, abundant and renewable resource essential to 
the functioning of industrial societies and critical to the development of a sustainable 
global economy. The term “lignocellulosic biomass” is used when referring to higher 
plants, softwood or hardwood. The composition of lignocellulose highly depends on its 
source [7]. 
 The abundance and renewability of lignocellulosic materials from agricultural 
residues renders them a promising feedstock for production of biofuels such as ethanol. 
To enable ethanol fermentation, release of the sugars from the lignocelluloses is necessary. 
That can be done by enzymatic hydrolysis after treatment at high pressure and temperature 
[8]. In addition to glucose, the treatment results in formation of degradation products such 
as xylose, acetate, and phenolic compounds from decomposition of hemicellulose and 
lignin [9]. These compounds cannot be utilized for production of bioethanol with baker’s 
yeast. Gained hydrolysate and filter cake that remains after hydrothermal pre-treatment of 
wheat straw can be also utilized by carotenogenic yeasts as a carbon source for production 
different vitamers such as carotenoids, ergosterol, CoQ10, polyunsaturated fatty acids, etc. 
Whey is an important surplus product of dairy industry. Based on the point of view, 
huge quantities of whey produced worldwide can represent an environmental problem with 
its disposal, or, due to the fact that whey is rich in fermentable nutrients, it can be 
considered as an attractive substrate for microbial production of various industrially 
interesting products [10]. 
1.2. Bioelectrochemical systems (BESs) 
Environmental protection and energy crisis are two recent challenges to us. 
Future economic growth crucially depends on the long-term availability of energy from 
sources that are affordable, accessible and eco-friendly [11]. Alternative sources of energy 
are in high demand because developed as well as developing countries are facing serious 
energy crisis [12]. Due to global environmental concerns and energy insecurity, there is 
emergent interest to find out sustainable and clean energy source with minimal or zero use 
of hydrocarbons [13]. Bioelectrochemical systems (BESs) have recently emerged as an 
exciting technology. 
Microbial fuel cells (MFCs) are the major type of bioelectrochemical systems 
(BESs) which convert biomass spontaneously into electricity through the metabolic 
activity of the microorganisms [14]. A microbial fuel cell converts chemical energy, 
available in a bio-convertible substrate, directly into electricity by oxidation of organic 
matter. To achieve this, different microbe (especially mixture of bacteria from waste water 
plant) is used as a catalyst to convert substrate into electrons. A typical two chamber 
microbial fuel cell consists of anode and cathode compartments separated by a cation 
exchange (positively charged ion) membrane. In the anode compartment with anaerobic 
condition, microorganisms oxidize a fuel and produce electrons and protons. Electrons are 
transferred to the cathode compartment through an external electric circuit and through 
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resistor with known value, while protons are transferred to the cathode compartment 
through the membrane. Electrons and protons are consumed in the cathode compartment 
that is aerobic, combining with oxygen or some other electron acceptor to produce 
water [15]. 
1.2.1. Applications of MFC 
Microbial fuel cell is a promising sustainable technology from which is expected to 
use especially wastewaters as substrates, which can generate electricity and accomplish 
wastewater treatment simultaneously, thus may offset the operational costs of wastewater 
treatment plant [14]. Presently, MFC research is highly focused on wastewater treatment to 
produce electricity at the same time to clean wastewater [16, 17]. The organic sludge is 
used as the carbon source for organisms to oxidation.  
The most readily available and commonly used tools used to detect toxic events are 
biosensors. These can be used in-line and in real-time, and can be used to detect generic 
toxicity. Bacteria show lower metabolic activity when inhibited by toxic compounds. 
This will cause a lower electron transfer towards an electrode. Bio-sensors could be 
constructed, in which bacteria are immobilized onto an electrode and protected behind a 
membrane. If a toxic component diffuses through the membrane, this can be measured by 
the change in potential over the sensor. Such sensors could be extremely useful as 
indicators of toxicants in rivers, at the entrance of wastewater treatment plants, to detect 
pollution or illegal dumping, or to perform research on polluted site [18]. 
1.3. Yeasts metabolism and utilization of waste substrates 
Metabolism is the sum of cellular chemical and physical activities. It involves 
chemical changes of reactants and the release of products using well-established pathways 
regulated at many levels. Knowledge of such regulation in yeasts is crucial for exploitation 
yeast cell physiology in biotechnology. At controlled cultivation conditions oleaginous red 
yeasts could be a good source (producer) of primary lipid-soluble metabolites as neutral 
lipids, phospholipids and fatty acids and ergosterol, which is an integral part of yeast 
biomembranes [19].  
Secondary metabolism is a term for pathways of metabolism that are not absolutely 
required for the survival of the organism. Examples of the products include antibiotics and 
pigments. The induction of secondary metabolism is linked to particular environmental 
conditions or developmental stages. When nutrients are depleted, microorganisms start 
producing an array of secondary metabolites in order to promote survival [20]. 
Filamentous fungi and yeasts show a relatively low degree of cellular differentiation, but 
still they express a complex metabolism resulting in the production of a broad range of 
secondary metabolites and extracellular enzymes. This very high metabolic diversity has 
been actively exploited for many years.  Yeasts have been used for fermentation of food 
and beverages since ancient times and are today widely used for industrial production of 
chemicals, pharmaceuticals, and proteins. Some strains are used for biotechnological 
 10 
production of selected secondary metabolites – mainly pigments and antibiotics. In terms 
of biotechnological application, fungi and yeast have the advantage of being relatively easy 
to grow in fermenters and they are therefore well-suited for large-scale industrial 
production. Biomass enriched by suitable mixture of primary and secondary metabolites 
can be used too, mainly in feed and food applications [20, 21]. 
1.3.1. Carotenoids 
Carotenoids are the most pronounced, naturally occurring pigments. They are of 
great interest in many scientific disciplines because of wide distribution and diverse 
functions (over 600 defined structures). Owing to their ubiquitous occurrence, diverse 
functions and interesting properties, carotenoids are subject of interdisciplinary research in 
biochemistry, biology, chemistry, medicine, microbiology, physics and many other 
branches of science [22].  
Carotenoids are synthesized in nature by plants and many different microorganisms. 
It is well known that colourful flowers, roots, fruits and seeds are full of various kind of 
carotenoids which determinate their colour and can be easily isolated from these biological 
matrices. Beside method of extraction from the plants (fruit and vegetables), carotenoids 
can be also synthesized in laboratory and this method, for now, is the most widespread in 
carotenoids production. However, the application of chemical synthetic methods to prepare 
carotenoids compounds as food additives has been strictly regulated in recent years. 
Therefore attention is paid on the finding of suitable natural methods for its 
production. One possibility lies on biotechnological techniques employing potential of 
microorganisms that are able to convert various substrates into carotenoid pigments [23]. 
All carotenoids are derived from the isoprenoid or terpenoid pathway and their 
biosynthesis pathway commonly involves three steps: 1) formation of isopenthyl 
pyrophosphate (IPP); 2) formation of phytoene and 3) cyclization and other reaction of 
lycopene. First step of carotenoids synthesis involves conversion of acetyl-CoA to 3-
hydroxy-3-methyl glutaryl CoA catalyzed by HMG-CoA synthase. HMG CoA gets 
converted into a C6 compound mevalonic acid (MVA), the first specific precursor on the 
terpenoid biosynthetic route [24].  MVA gets converted into isopentyl pyrophosphate (IPP) 
by a series of reactions involving phosphorylation by MVA kinase followed by 
decarboxylation [25]. Next phase of synthesis considers isomerisation of IPP to 
dimethylallyl pyrophosphate (DMAPP) and sequential addition of three IPP molecules to 
DMAPP. These reactions are catalyzed by prenyl transferase to yield the C20 compound 
geranyl geranyl pyrophosphate (GGPP). This pathway is shared with the sterol pathway up 
to the C15 stage (farnesyl pyrophosphate, FPP).  
FPP branches off to form squalene, the C30 acyclic precursor of sterols. 
In carotenogenic system two molecules of GGPP condense head to head to form phytoene 
which undergoes desaturation to form lycopene [26].  As lycopene is an all-trans 
compound, the isomerisation of the 1
st
 or 2
nd
 double bond of the phytoene must occur at 
same stage in the desaturation process Lycopene acts as precursor of cyclic carotenoids 
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and undergoes number of metabolic reactions like cyclization (initiated by H
+
 attack) to 
form β ionone ring. However, it undergoes also reactions other than cyclization, such as 
hydration and hydrogenation across the 1
st
 and 2
nd
 double bond [26]. 
1.3.2. Ergosterol and single cell oil (SCO) 
Ergosterol is fat-soluble (pro)vitamin with a typical steroid structure. It is involved 
in numerous biological functions, such as, membrane fluidity regulation, activity and 
distribution of integral proteins and control of the cellular cycle. These facts make 
ergosterol and its biosynthetic pathway essential for fungal growth [27]. Biosynthesis 
pathway of ergosterol is very similar to the production of carotenoids, even if these 
metabolites were formed in competitive branches of isoprenoid metabolic pathway. 
The intermediate molecule which has main role in ergosterol synthesis and is also 
branching point from carotenoid biosynthesis pathway is squalene [28]. 
A major sector of lipid biotechnology focuses on the ability of microorganisms to 
convert various natural substances into reserve lipid. This lipid, namely single-cell oil 
(SCO), produced by the so-called oleaginous microorganisms, is mainly composed of 
neutral fractions (principally triacylglycerols (TAG) and, to a lesser extent, steryl esters) 
[29]. Production of SCO in large-scale operations is of particular interest due to the 
capacity of various microorganisms to synthesize lipids containing medically and 
dietetically important polyunsaturated fatty acids (PUFA) such as linolenic, dihomo-γ-
linolenic, arachidonic, and eicosapentaenoic acid [30, 31, 32]. Moreover, the continuously 
increasing demand and utilization of first-generation biodiesel (fatty acid methyl esters 
deriving principally from the trans-esterification of plant oils) has increased the cost of 
various foodstuffs, and this situation has led to the necessity of discovering ‘‘novel/non-
conventional’’ sources of oils that could be subsequently converted into biodiesel [29].  
1.3.3. Environmental and nutritional stress as stimulant for improved 
production of enriched   biomass 
Environmental conditions that threaten the survival of a cell, or at least prevent it 
from performing optimally, are commonly referred to as cell stress. Environmental stress 
causes damage to many cellular components which stimulate the corresponding cell stress 
response [33]. In order to improve the yields of metabolites, particularly carotenoid 
pigments, and subsequently decrease the cost of this biotechnological process, diverse 
studies have been performed by optimizing the culture conditions including nutritional and 
physical factors. Factors such as nature and concentration of carbon and nitrogen sources, 
minerals, vitamins, pH, aeration, temperature, electro-shocks and light stress have a major 
influence on cell growth and yield of carotenoids [34, 35]. Several different environment 
factors exist that can tremendously affect on metabolism of microorganisms and prepare 
them to resist and neutral that shock. One of these stress factors are carbon and nitrogen 
sources. The efficiency of the carbon source conversion into pigments, and the 
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optimization of the growth medium with respect to its availability and price has been 
subject of intensive studies [34, 35, 36]. 
 
 
2. THE AIMS 
 
The main goals of this Ph.D. thesis were based on the principles of using different 
kind of cheap waste materials, mainly obtained from food industry, to produce valuable 
products (vitamers) that can easily find suitable market. As a production strains mainly 
carotenogenic yeasts will be tested. Also, some waste materials found applications in fuel 
cell, especially Microbial Fuel Cell as additional carbon source, for producing electrical 
energy and wastewater treatment at once.  
To solve these goals following partial problems will be studied: 
 utilization of waste glycerol obtained as a side product from biodiesel production as 
a carbon and/or nitrogen source for cultivating several carotenogenic yeasts and 
producing biomass enriched with valuable compounds, such as carotenoids 
(carotene and xanthophylls), polyunsaturated fatty acids (PUFA), and ergosterol 
 scaling up the cultivation process of red yeasts in the bioreactor – optimization of 
cultivation parameters on glycerol substrate and characterization the morphologic 
and metabolic properties of yeasts growing under stress conditions 
 use of wheat straw and slurry which was gained after hydrothermal pretreatment 
(liquid phase - hydrolysate, and solid phase - filter cake) to growth of carotenogenic 
yeasts and production of metabolites 
 utilization of whey (waste from dairy industry) for a potential co-cultivation and 
symbiotic growing of lactic acid bacteria and red yeasts strains 
 application of waste substrates as energy recovery potential in the form of electrical 
energy, clarification of the fuel cell design, changing the anode electrodes area in 
the reactor and comparing the efficiency of re-used electrodes will be studied. 
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3. MATERIALS AND METHODS 
3.1. Microorganisms 
 Red yeast strains: Rhodotorula glutinis (RG) – CCY 20-2-33;  Rhodotorula 
aurantiaca (RA) – CCY 20-9-7; Rhodotorula mucilaginosa (former name 
Rhodotorula rubra, RR) CCY 20-7-31; Cystofilobasidium capitatum (CC) – 
CCY 10-1-1; Sporobolomyces roseus (SR) – CCY 19-6-4; Sporobolomyces 
shibatanus (SSh) – CCY 19-20-3; Sporobolomyces salmonicolor (SSa) – CCY 19-
4-6. Carotenogenic yeasts were obtained from the Culture Collection of Yeast 
(CCY), Bratislava, Slovakia. 
 Lactic acid bacteria: Lactobacillus casei subs. casei CCM 7088T.   It was obtained 
from the Czech collection of microorganisms, Brno, Czech Republic. 
 Mixed anaerobic bacteria strains used for Microbial fuel cell experiment was 
obtained from Lyngby wastewater plant, Denmark. 
3.2. Yeast cultivations (Erlenmeyer flasks) 
All red yeasts strains (see previous chapter) were cultivated at the same cultivation 
conditions using basic glucose liquid media (which was hereinafter referred to as a 
control). Several cultivations were performed using different waste materials instead of 
glucose. The cultivations were carried out in Erlenmeyer flasks (from 250 ml to 1 000 ml), 
as well as in fermentor with work capacity of 2 l. 
Yeasts were firstly inoculated into inoculum I (INO I) using bacteriological loop 
and transferring yeasts from agar plates directly in liquid media. The yeasts were cultivated 
for 24 hours and then 20 % (v/v) of INO I was transferred into inoculum II (INO II). 
Cultivation in INO II underwent for 24 hours and culture broth (again 20 % (v/v)) was then 
poured into minimal production media. Cultivation in production media was done for 
96 hours or 4 days. 
Carotenogenic yeasts were cultivated at optimal growth conditions (used basic 
glucose media as a control media) and also in media with modified carbon and/or nitrogen 
sources:  technical glycerol, waste glycerol, wheat straw, wheat hydrolysate, filter cake 
obtained after hydrothermal pretreatment of wheat straw and acidified deproteined 
whey. Further details were provided in the particular parts in the thesis. 
 
3.3. Cultivation in laboratory fermentor 
Carotenogenic yeasts (Rhodotorula glutinis, Cystofilobasidium capitatum and 
Sporobolomyces roseus) were grown in laboratory fermentor with maximally working 
volume of 2 l. The yeasts were cultivated in media with glucose as the only carbon source 
(control media), and with 100% technical glycerol instead of glucose (glycerol media). 
The cultivations of inoculum media were made in Erlenmeyer flasks under the same 
cultivation conditions as described before. Each batch was monitored by Biocommand 
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Software observing several parameters, such as: agitation, temperature, pH value of culture 
broth and dissolved oxygen. One batch was performed for 75 h, at the temperature of 
28 °C, pH value of 4.5, with stirring from 150 - 450 rpm and air flow of 5 l∙min -1.  
 
3.4. Microbial fuel cell 
Microbial fuel cell reactor (H-type) was composed of two identical cylindrical 
plastic bottles of 0.3 dm
3
 volume each. Two chambers were connected with a plastic tube 
which is located on the lower part of reactor, with an inner diameter of 3 cm. The proton 
exchange membrane with an area of 7.1 cm
2
 (PEM; Naﬁon TM N117, Dupont Co., USA) 
was placed between the chambers. The connection between chambers was tightened using 
silicone and clamps. Each chamber also contained electrodes (anode and cathode) which 
were completely immersed in both anode and a cathode solution, connected with copper 
wires and resistor with defined value. The electrodes were made from carbon paper (Toray 
carbon paper TGPH-120, Pemeas USA, Inc., E-TEK), dimension 8 x 3 cm with a thickness 
of 0.35 mm [37]. Electrodes were then screwed and set on stein steel rod and with copper 
wires were connected to resistor with well-known value. The electrode distance was 6 cm 
divided into 3 cm in anode solution and 3 cm in cathode solution.   
Wastewater was used as inoculum and medium in the anode chamber [37]. 
Filtered wastewater (0.22 dm
3
) was first filled into the anode chamber and then substrate 
was added. The concentrations tested were 20 mmol∙l-1 (1.64 g∙l-1) for Na-acetate, 
21.7 mmol∙l-1 (2 g∙l-1) for technical glycerol and 2.34 g∙l-1 for waste glycerol (the 
contribution of glycerol in waste glycerol was approx. 83.22 %). At the end 20 mmol∙l-1 of 
phosphate buffer was added to maintain pH at approximately 6.7. The solution was made 
anaerobic with nitrogen gas sparging for 2 min. The anode chamber was sealed using a 
rubber stopper and silicone. The cathode chamber was filled with 0.2 dm
3
 solution of 
100 mmol∙l-1 K3Fe(CN)6 and 100 mmol∙l
-1
 phosphate buffer (7.25 g∙l-1 NaH2PO4 and 
6.6 g∙l-1 Na2HPO4; pH = 6.7). The incubation was conducted at 30 °C with air bubbling in 
the cathode chamber and magnetic stirring in the anode chamber (130 rpm). 
3.5. Analytical methods 
3.5.1. Red yeasts biomass determination  
   Cell density was determined by measuring turbidity using a spectrophotometer at 
wavelength 630 nm and correlated to dry cell weight (CDW). Biomass was collected after 
cultivation by two step centrifugation at 5 000 rpm for 10 min at room temperature. 
Defined volume of culture broth (from 50 ml to 150 ml, dependents of experiment) was 
used. After second centrifugation, cell pellet was either dissolved in 30 ml of physiological 
solution (0.9% NaCl) and stored in freezer until further use, or directly exploited for 
extraction and further metabolites analysis.  
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3.5.2. Extraction of metabolites from yeasts cells and analysis of residual 
substrates 
Yeast cells collected by centrifugation were disintegrated using a mechanical 
disruption by shaking in a grinding mortar. A mixture of pigments, lipids and other organic 
compounds was extracted from the cell homogenate using 50 ml of acetone. In the process 
of saponification of the extract by 10% ethanolic KOH (45 min. at 90 °C) pigments and 
sterol lipids were extracted thrice with diethyl ether. The diethyl ether extracts were 
collected and evaporated under vacuum to dryness. After evaporation, the solid residue 
was dissolved in absolute ethanol and analyzed either by RP–HPLC device.  
Carotenoids pigments and ergosterol extracted from yeast cells were individually 
identified and quantified by RP-HPLC. The column used for separation was Kinetex C18, 
2.6 µm, 4.6 x 150 mm, Phenomenex (USA). Separation was carried out by isocratic elution 
at 45 °C. As a mobile phase, 100% methanol was used at a flow rate of 1.0 ml∙min-1. 
Detection of β-carotene was achieved spectrophotometrically at 450 nm, and ergosterol 
285 nm. Total carotenoids have been calculated and determined approximately as a sum of 
peaks area of other known carotenoids, scanned with PDA detector and evaluated using 
calibration curve for β-carotene [38].  
Analyses of residual substrates obtained after cultivation (glucose, lactose, and 
galactose) was done using HPLC-RI device. The samples were first filtered through PTFE 
filters and injected directly on column SUPELCOSIL
TM 
LC-NH2, 5 µm, 4.6 x 250 mm, 
Supelco Analytical (USA). As a mobile phase mixture of acetonitrile and deionised water 
in ratio 3:1 was used.  
Concentrations of residual glycerol in supernatant and intracellular glycerol in yeast 
biomass were determined using special kit for glycerol determination [39]. Also, 
triglycerides (or single cell oil) accumulated in the red yeasts cells were analysed using 
special Randox Triglycerides kit. The principle is similar to the previously described 
determination of glycerol.  
 
3.5.3. Flow cytometry  
In this study, flow cytometry was introduced for red yeast analysis to monitoring 
physical and chemical changes of cells during cultivation in bioreactor. For following 
experiments propidium iodide was utilized to stain the yeasts DNA which emits 
appropriate fluorescence response. After sampling from bioreactor on defined time (at the 
beginning and after approx. 30 h, 50 h and 75 h), 1 ml of yeasts cell cultures have been 
used for flow cytometry measurements. Sample volume of 1 ml of culture was firstly 
diluted 10 times with distilled water. Diluted yeasts solution was used for analysis of 
i) series of control measurements (without addition of dye - propidium iodide), and ii) 
series with addition of propidium iodide.  
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3.5.4. Collecting data in MFC and anode solution analysis 
The software, which was operated in Red hat Linux operating system have been 
developed in Risø DTU. The program was made for constantly measuring and collecting 
voltage data during MFC running. After completion of the process, from evaluated voltage 
(V) and using Ohms law, it was calculated current (I, (A)), power (P, (W)), current density 
(C.D., (A∙m-2)), power density (P.D., (W∙m-2)) and charge (Q, (C)). Charge is defined as 
integrated value of current during the time, and represents real number of produced 
electrons during the time. Also Coulombic efficiency, as a reliable parameter for 
determining MFC quality, was calculated in those experiments. It was calculated by 
integrating the measured current during the time (referred to charge) relative to the 
theoretical current based on the consumed carbon source [37].  
For measuring the amounts of residual and/or eventually formed compounds 
obtained during MFC running, it was utilized HPLC-RI device. Obtained supernatant was 
separated and analyzed for acetic acid, glycerol, propionic acid, glycolic acid, formic acid 
and ethanol using external calibration with standard solutions. The Rezex ROA column 
(Phenomenex, USA) was heated to 63 °C and equilibrated, using 4 mmol∙l-1 H2SO4 as 
eluent with a flow rate of 0.6 ml∙min-1. 
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4. RESULTS AND DISCUSSION 
4.1. Red yeasts cultivations in glycerol media (technical and waste) 
Presented study was focused on a comparison of growth and production properties 
of selected red yeast strains (including non-traditional ones) when cultivated on glycerol 
substrate. The aim was to find strains suitable for industrial use of cheap simple medium 
with waste glycerol as a carbon source for production of enriched yeast biomass (e.g. for 
feed industry) and specific yeast metabolites – mainly carotenoids.  
All tested strains were able to utilize technical glycerol as the only carbon source. 
The biomass production, when cultivated on pure technical glycerol, was less or more 
equal with control (see Figure 1). R. glutinis and C. capitatum produced the highest 
biomass amount in medium with pure technical glycerol, 10.18 g∙l-1 and 10.02 g∙l-1, 
respectively. Those strains as well as S. salmonicolor and R. aurantiaca also produced 
relatively high biomass amount using other ratio of glycerol and glucose concentration in 
the medium. Cultivating in presence of 25 % w/w (75 % was formed by glucose) of 
technical glycerol as a carbon source, the highest amount of biomass was produced in 
R. glutinis followed by R. aurantiaca and S. salmonicolor, 9.72 g∙l-1, 9.09 g∙l-1, 8.87 g∙l-1, 
respectively. From other side, S. roseus has been represented as a strain that produced the 
smallest amount of biomass. 
 
 
Figure 1: Biomass production by several carotenogenic yeasts cultivated on medium 
enriched with technical glycerol as carbon source 
 
Biomass obtained during cultivation on waste glycerol is in general greater than on 
technical glycerol using all combinations of glycerol and glucose in the medium. 
Once again, as cultivated on technical glycerol, S. roseus exhibited very low amount of 
biomass in comparison to the other carotenogenic strains. Oppositely, Rhodotorula sp. and 
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Cystofilobasidium sp. confirmed the biggest amount of dry biomass. From Rhodotorula 
strains, the highest yield (14.6 g∙l-1) was obtained in R. mucilaginosa when cultivated on 
waste glycerol as the main carbon source. C. capitatum produced in all media the highest 
quantity of biomass. 
Ergosterol was observed partly as the additional parameter of biomass quality and 
also to monitor the competition of two specialized branches of isoprenoid pathway, which 
is used for the biosynthesis of both carotenoids and sterols. Production of ergosterol was 
influenced externally by similar way to the production of beta-carotene – increased 
production of pigments was in all red yeasts accompanied with increased production of 
ergosterol [40]. 
Ergosterol production in most of strains increased when cultivated on technical 
glycerol in comparison with control. The biggest amount was found in S. roseus 
strain, 5.21 mg∙g-1 CDW. Even 15 times increase of ergosterol concentration was found 
cultivating this yeast in medium containing 75 % of waste glycerol. Utilizing the medium 
with waste glycerol/glucose ratio 1:1 the yield was 12.01 mg∙g-1 which is quite higher than 
on technical glycerol, where maximum yield of ergosterol was obtained in 25% technical 
glycerol medium (S. salmonicolor, 9.86 mg∙g-1). 
Carotenogenic yeasts exhibited better growth properties on waste glycerol, in 
general, than on technical glycerol. It seems that specific composition of waste glycerol 
played probably a key role in the yeast metabolism. Also different batch of produced waste 
glycerol in the same biodiesel plant could give different ratio of presented glycerol and 
other accompanying compounds and, hence, different cultivation conditions for enriched 
biomass production. Furthermore, various biodiesel technologies could also give wide 
spectrum of different types of “waste glycerol” which indirectly affect red yeasts 
metabolism. 
Overall yield of carotenoids is directly related to the total biomass yield [41]. 
In presented study, pigments production was accompanied with biomass production in all 
strains except in S. roseus, where invert relationship between production of biomass and 
carotenoids was found. The main pigment produced by red yeasts is beta-carotene. 
In S. roseus, R. glutinis and S. salmonicolor cultivated on technical glycerol, β-carotene 
yield more than 1 mg∙g-1 CDW was found. All other analyzed strains including controls 
exhibited lower values, around 0.5 mg∙g-1 of beta carotene or less. The best beta carotene 
producer was S. roseus, with 2.63 mg∙g-1 cultivated in medium with 25 % w/w of technical 
glycerol. Waste glycerol was also found as very promising substrate for carotenoid 
production. Beta carotene overproduction was found, once again, in S. roseus strain, 
obtaining more than 2 mg∙g-1. Also other strains such as R. aurantiaca and S. shibatanus 
passed the yield of beta-carotene 1 mg/g of CDW when 25% waste glycerol was used. 
The amounts of total carotenoids represented as approximately value of all other pigments 
(see Methods) were less or more 1.5 - 2 times higher than beta carotene concentration. 
Production of total carotenoids on glucose was in most of tested strains higher than on both 
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technical and waste glycerol. Waste glycerol was probably better carbon source for 
pigment production than technical glycerol 
Considering both glycerol media, the best glycerol/glucose ratio 1:3 was found. 
Also media with glycerol/glucose 1:1 and 3:1 in were found better for metabolite 
production than pure glycerol, either technical or waste. Generally, glucose is described as 
the best carbon source for red yeasts [41, 42]. 
 
4.2. Red yeasts as single cell oil (SCO) 
All tested red yeast strains belong to oleaginous yeasts. In these strains in particular 
conditions intensive accumulation of lipids up to 60 % of biomass was described [41]. 
In presented thesis, poor cheap mineral medium optimized mainly for biomass and 
carotenoid production was used for testing of lipid production. In the experiments, C/N 
ratio was about 57. 
 
 
Figure 2:  Production of lipids by several carotenogenic yeasts (SCO) 
 
Under control conditions most of tested strains produced lipids in range of 11 - 15 
% except C.capitatum, which produced more than 22 % of neutral lipids. Production of 
lipids in all strains was about 10 - 30 % better in glycerol medium (see Figure 2), in which 
not only C. capitatum, but also R. aurantiaca and S.shibatanus reached lipid production up 
to 20 % of biomass when compared with glucose medium. 
In other studies similar or higher lipid production (30 - 58 %) was observed 
according to the aim of particular studies. The oleaginous yeast Rhodotorula graminis was 
also studied as bioproducer of lipidic compounds using some wastes including crude 
glycerol as carbon sources. During a preliminary experiment performed in a 1 000 ml 
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fermentor on crude glycerol, a biomass about 48 g∙l-1 was produced, rich in lipids 
representing 54 % of its weight [43]. 
In other study [44] fifteen eukaryotic microorganisms were tested for their ability to 
assimilate biodiesel derived waste glycerol and to convert it into value-added metabolic 
products. For this purpose yeasts and Zygomycetes strains were cultivated in nitrogen-
limited raw glycerol-based media (initial glycerol concentration 30 g∙l-1). Yeasts tested 
accumulated restricted lipid quantities (up to 22 % (w/w), in the case of Rhodotorula sp.), 
while differences in their fatty acid composition were recorded. It should be noted that in 
all yeast strains, regardless of the quantity of lipid accumulated into the cells, lipids were 
mainly composed of C16 and C18 fatty acids. This fat is not suitable for food applications, 
but it could be perfectly used as starting material for the synthesis of “2nd generation” 
biodiesel [41, 44]. 
 
4.3. Red yeast cultivation in wheat straw medium (solid and liquid 
fraction) 
After hydrothermal pretreatment of wheat straw, obtained slurries were separated 
into solid and liquid fractions by filtration. Both fractions, including wheat straw 
hydrolysate (liquid fraction) and filter cake (solid fraction) were further used as a complex 
carbon source for cultivating carotenogenic yeasts (R. glutinis, C. capitatum and S. roseus).  
In next experiment, three different hydrolysates (pretreated at 190, 195 and 200 °C 
and without added catalyst) were utilized. In each of carotenogenic yeasts tested and using 
each of three hydrolysates, the yeast biomass production was generally decreased, when 
cultivated on hydrolysates in comparison with control glucose medium. Using basic 
control medium, the highest biomass production was found in C. capitatum and R. glutinis, 
16.34 g∙l-1 and 13.26 g∙l-1, respectively. Otherwise, the biggest amount of biomass, using 
hydrolysate as a complex carbon source, was detected in R. glutinis cultivated in non-
adapted hydrolysate medium (195 °C -series A 10.09 g∙l-1 of biomass was obtained). 
Oppositely, the smallest biomass was found in S. roseus, not exceeding 2.06 g∙l-1 (T = 
195 °C, series A; Table 1). 
Cultivation of carotenogenic yeasts in medium with hydrolysates affected very 
much on the ergosterol production. Oppositely to the biomass, ergosterol concentration 
was increased mostly in series B (exposition to hydrolysate in INO II) than in non-adapted 
hydrolysate medium (series A). The lowest concentration of produced ergosterol was 
detected in all control media. 
Finally, pigments production was also observed, in the form of β-carotene and total 
carotenoids (including β-carotene, torulene, torularhodin and lycopene). Total carotenoids 
have been calculated and determined approximately as a sum of peaks area of other known 
carotenoids within 20 min of HPLC analysis, scanned with PDA detector and evaluated 
using calibration curve for β-carotene (see Methods). Growing on all types of hydrolysates 
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carotenoids production was significantly decreased in R. glutinis and C. capitatum strains. 
Very low concentration of carotenoids was obtained using all types of hydrolysates 
independently on adaptation (Table 1). In contrary, wheat straw hydrolysates have shown 
to be a very good carbon source for carotenoids production in S. roseus, especially using 
hydrolysate obtained at 190 °C. The maximum concentration was observed in the series A 
(1.56 mg∙g-1). Furthermore, good conditions of wheat straw pretreatment at 195 °C gave 
hydrolysates of high quality, that, beside very good production of other metabolites, are 
able to give satisfactory β-carotene amounts. When cultivated in medium with no 
adaptation to hydrolysates, the yield of 1.22 mg∙g-1 CDW of β-carotene was 
obtained. Due to the fact, that even though S. roseus gives the best results in metabolite 
production, similarly to previous cultivation in both glycerol medium, the small amount of 
obtained biomass can be the main reason why this strain couldn’t be explored for 
eventually scale up process and cultivating in bioreactor with big capacity. 
The major disadvantage of hydrothermally pretreated lignocellulosic materials is the 
reduction of available monosaccharides and production of their derivates (furans, 
hydroxymethylfurfurals and other phenolic toxic compounds) which are inhibitors of 
microbial growth and hinder further biotransformation [45]. 
For orientation comparison, carotenogenic (red) yeasts were cultivated on filter 
cake and processed wheat straw. 
 
Table 1: Biomass and metabolites production using pretreated wheat straw hydrolysates (obtained 
on 190°C, 195°C and 200°C) for cultivation different carotenogenic yeasts 
 
 
 
control 
 
 
 
Biomass (g∙l-1) 
 
 
Ergosterol 
(mg∙g-1 biomass) 
 
 
β-carotene 
(µg∙g-1 biomass) 
 
 
Total carotenoids 
(µg∙g-1 biomass) 
RG 13.26 0.22 208.48 455.35 
CC 16.34 0.14 334.23 531.94 
SR 8.26 0.22 531.07 786.34 
Sample 1     
RG series A 4.26 0.38 10.71 15.16 
RG series B 2.95 0.58 24.65 29.61 
CC series A 3.52 0.70 15.16 48.13 
CC series B 1.80 1.40 2.04 15.70 
SR series A 1.67 1.75 1556.33 1737.34 
SR series B 1.17 1.41 194.44 239.72 
Sample 2    
 
 
RG series A 10.09 0.20 4.44 9.76 
RG series B 4.66 0.37 13.73 17.12 
CC series A 3.18 0.60 2.84 6.62 
CC series B 0.70 3.40 17.51 144.36 
SR series A 2.06 1.58 756.23 853.95 
SR series B 0.84 4.17 1216.25 1534.73 
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Sample 3     
RG series A 4.16 0.44 8.58 37.45 
RG series B 2.80 0.52 7.81 22.67 
CC series A 3.21 0.65 16.63 25.16 
CC series B 1.85 0.80 9.92 20.19 
SR series A 1.81 1.15 427.95 460.56 
SR series B 0.98 1.87 680.06 781.06 
 
In the process of hydrothermal pretreatment of wheat straw beside hydrolysates also 
water insoluble fraction or filter cake was obtained. Filter cake was predominantly used as 
a substrate for biofuel production, especially bioethanol of the second generation. 
During SSF process (saccharification and simultaneous fermentation) specific yeast strain 
of Saccharomyces cerevisiae carried out fermentation process leading to bioethanol 
production.  
The aim of presented part of this Ph.D. study was to investigate the possibility to 
use hydrothermally pretreated wheat straw for conversion into carotene enriched biomass 
by red yeast strains. Experiments focused on pigment and sterol production involved not 
the only the liquid fraction after pretreatment, which is used as a feed now, but also the 
solid fraction which is used for ethanol production. Three different red yeast strains 
(R. glutinis, C. capitatum, S. roseus) were applied for these tests.  
 Beta-carotene and total carotenoid production on the solid fraction remained lower 
compared to control experiments in all cultivations. S. roseus was still able to produce 
around 400 µg∙g-1 d.m. of β-carotene growing on filter cakes pretreated without acetic acid. 
In addition to previously mentioned metabolites, carotenogenic yeasts cultivated on filter 
cake gave also some unknown compound (assumed to be carotenoids), with characteristic 
absorption maxima of 296 nm and 306 nm. These compounds were found in both red 
yeasts biomass (S. roseus and R. glutinis) cultivating on all filter cake samples except of 
control medium and sample 7 (wheat straw without hydrothermal pretreatment). 
Carotenogenic yeasts cultivated on milled wheat straw exhibited characteristic maximum 
at 283 nm which corresponded to phytoene. This peak was not identified in red yeasts 
biomass when the liquid fraction (hydrolysate) was used as a substrate. It might indicate 
that the unknown compounds could be some degradation products originating from the 
pretreatment, which should be examined in future studies. 
It can be concluded that such complex substrate as filter cake could contain some 
inhibitors with strong influence on enzymatic systems involved in isoprenoid metabolic 
pathway. These inhibitors could influence the process of isomerisation and further 
desaturation, accumulating carotenoids with small number of isoprenoid units, such as that 
with maximum absorption of 306 nm. Respecting that fact, further process of coloured 
carotenoids formation with higher number of conjugated double bond, especially β-
carotene, would lead to small or neglectable amounts of these derivatives.  This compound 
is probably more polar than β-carotene, using the same reversed mode of separation on the 
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column. Finally, previous statements could give the reason of very low concentration of β-
carotene and other “higher carotenoids” using filter cake as nutrition source. 
 
4.4. Co-cultivation of red yeasts and L. casei on processed whey 
Rhodotorula glutinis and Cystofilobasidium capitatum were utilized for growing on 
deproteined whey substrate in co-culture with lactic acid bacteria, Lactobacillus casei subs. 
casei. The main aim was to investigate influence of potential association between two 
above mentioned microorganisms on assimilation of lactose from whey and overall 
production of carotenoids and ergosterol. Two series of experiments were performed. In 
the first series carotenogenic yeasts as single culture (R. glutinis or C. capitatum) of 
working microorganisms were used growing in four different production media mentioned 
before. The second series was carried out using mixed co-culture of carotenogenic yeasts 
(R. glutinis or C. capitatum) and lactic acid bacteria using the same production media as in 
the first series. Growth conditions on co-cultivated as well as single cultures were adjusted 
and adapted for yeast metabolism (28 °C, permanent lightening and stirring at 120 rpm, 
cultivation for 3 days). 
Biomass produced by R. glutinis and C. capitatum, cultivated on whey without 
association of bacterial strain was decreased in comparison with control, except of medium 
with glucose addition (20 g∙l-1). Relatively low biomass production was observed also in 
both yeast controls. Co-cultivation experiments were carried out in summer time, when red 
yeasts grew more slowly than during the rest of year. Nevertheless, obtained data can be 
used for co-cultivation comparative study. It is obvious that, for growing R. glutinis and 
C. capitatum, mandatory carbon source was glucose. In contrary, biomass produced in co-
cultivation experiments was higher than in corresponding control, except in C. capitatum 
cultivated on whey with added 10 g∙l-1 glucose. The highest biomass yield in co-cultivation 
experiments was obtained in C. capitatum strain (5.34 g∙l-1) when cultivated on whey with 
addition of 20 g∙l-1 of glucose (Table 2). 
 
Table 2: Co-cultivation of red yeasts and L. casei on deproteined whey substrate 
L. casei (alone and  
associated with yeasts) 
ergosterol 
(mg∙g-1 biomass) 
β-carotene 
(µg∙g-1 biomass) 
total carotenoids 
(µg∙g-1 biomass) 
biomass 
(g∙l-1) 
RG control 0.45 15.36 70.73 3.39 
RG whey 0.48 17.31 81.98 3.92 
RG whey + 10 g∙l-1 glucose 0.45 48.35 195.28 5.02 
RG whey + 20 g∙l-1 glucose 0.50 103.90 351.33 4.56 
CC control 0.75 101.84 427.71 3.78 
CC whey 0.50 58.82 283.10 4.19 
CC whey + 10 g∙l-1 glucose 1.06 513.56 1526.31 2.09 
CC whey + 20 g∙l-1 glucose 0.45 204.69 676.75 5.34 
L. casei control - - - 0.18 
L. casei whey - - - 0.47 
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Production of metabolites (ergosterol and carotenoids) in single red yeast cultures 
was higher than in corresponding control medium. Increased ergosterol production was 
detected in both yeasts strains, except in the whey medium enriched by 20 g∙l-1 of 
glucose. In co-culture of C. capitatum with L. casei increased values of ergosterol were 
observed in medium containing glucose alone or in medium with addition of 10 g∙l-1 
glucose. Production of β-carotene and total carotenoids was also mostly improved, 
especially in media containing together whey and glucose. Addition of glucose led to about 
1.5 times increase of pigments production in comparison to the control (single yeast 
culture). In co-cultivation series the enhancement of beta carotene production 3 - 7 times 
was observed when compared to control. The highest pigment production was gained in 
C. capitatum, cultivating alongside with L. casei in whey medium with added 10 g∙l-1 of 
glucose (1.53 mg∙g-1). Total carotenoids were also increased for several times.  
When whey was used as a nutrition source, the residual lactose represented almost 
one half of overall lactose in both yeasts strains (20 g∙l-1). Lactose was only partly utilized 
for biomass production and its presence in medium probably led to unexpected 
overproduction of ergosterol. When R. glutinis was cultivated on whey, beside peak of 
lactose and glucose also peak of galactose was found in chromatogram, while in 
C. capitatum it even cannot be detected. R. glutinis probably possess some minor enzyme 
capacity to hydrolyze lactose forming also galactose. 
Results obtained in this thesis have been compared with other co-cultivation studies. 
Yeast strain Rhodotorula rubra associated with lactic acid bacteria L. casei and cultivated 
in cheese ultrafiltrate with lactose concentration of 55.0 g∙l-1 was studied [46]. In those 
experiments, different cultivation conditions were used, mainly aeration (air flow rate from 
0.4 to 1.6 l∙min-1 and agitation 220 rpm). Maximum concentration of total carotenoids in 
the yeasts biomass after 3 days of cultivation was from 0.08 to 0.15 mg∙g-1 dry cells at air 
flow rate of 1.3 l∙min-1. In our study R. glutinis and C. capitatum associated with L. casei 
gave following total carotenoids concentration: 0.082 mg∙g-1 and 0.28 mg∙g-1 of d.m. 
respectively, without controlling air flow rate and cultivating on deproteined whey in 
flasks. That corresponds to results found in mentioned literature [46]. 
Despite the fact that cultivation of homofermentative lactic-acid bacteria in single 
culture does not require oxygen, it was found out that under intensive aeration the 
associated cultivation of the yeast and lactic-acid bacteria proceeded effectively for both 
cultures [46]. High carotenoid-forming ability of the lactose-negative strain R. rubra 
during cultivation in whey ultrafiltrate with L. casei on the one hand, and the active growth 
and acidification on the other, is evidence of the reciprocally positive interaction between 
the two strains, i.e. of symbiotic effect [47]. 
 
4.5. Cultivation of carotenogenic yeasts in fermentor 
In further part of presented study laboratory scale-up process under controlled 
conditions was tested. Strains Rhodotorula glutinis, Cystofilobasidium capitatum and 
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Sporobolomyces roseus were cultivated in laboratory fermentor with maximum capacity of 
2 l. Two series of experiments were performed using different carbon sources – cultivation 
in basic glucose medium and in medium with technical glycerol (see Materials and 
Methods). 
            
Figure 3:  Growth curve of R. glutinis cultivated on fermentor using basic glucose medium 
(control) 
Figure 3 shows a typical growth curve of microorganism - namely R. glutinis. It can 
be clearly distinguish lag phase, exponential or growth phase and prolonged stationary 
phase. In order to determine growth characteristics, specific growth rate, µ was calculated 
according to formula (1):                                
        µ  
 
 
 
  
  
    (1) 
 
where µ symbolized specific growth rate, h
-1
, and x biomass concentration at the end of 
exponential phase. Derivation dx/dx defined a velocity of formed biomass, where dx is 
difference of biomass concentration at the end and at the beginning of log phase 
(dx/dt ~ Δx/Δt = (x2-x1)/ (t2-t1)). Represented dt was defined as a time of log (exponential) 
phase. Mathematical formula for productivity (2) clearly described growth properties of 
cells cultivated in bioreactor:
 
 
 
               
 
 
     (2) 
 
Productivity is defined as ratio of produced concentration of biomass at the end of 
exponential phase to a time when log phase ends. 
Cultivating of C. capitatum in 2 l fermentor small biomass production was observed 
with decreased productivity of 0.52 g∙(l∙h)-1. The productivity was two times decreased in 
comparison to R. glutinis. Specific growth rate in all three control were relatively similar, 
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from 0.041 h
-1
 (in C. capitatum and S. roseus) to 0.048 h
-1
 in R. glutinis (see Table 3). 
During cultivation of S. roseus strain, maintained cultivation conditions in fermentor 
favoured growing of this red yeast strain, obtaining around 20 g∙l-1 of biomass at the 
beginning of stationary phase. Productivity was found quite lower than in R. glutinis, 
0.88 g∙(l∙h)-1 in comparison to 0.97 g∙(l∙h)-1 in R. glutinis. 
 
4.5.1. Cultivation on technical glycerol 
When technical glycerol was used as carbon source, some type of osmotic stress 
was probably induced. As the consequence, exponential phase was doubled in comparison 
to the control series. In control cultivations log phase lasted 20 h. When glycerol was 
introduced, the log phase was from 43 h in C. capitatum and even 47 h in R. glutinis. 
Prolonged log phase resulted in higher biomass production at the end of exponential phase 
and also in overall biomass production. Utilizing technical glycerol yeasts exhibited lower 
growth rate than in basic glucose medium (Table 3). 
  
4.5.2. Monitoring the fermentation process 
During the cultivation on glycerol and glucose, samples were taken from bioreactor 
regularly at defined time from the beginning of cultivation – 28 h, 50 h and 75 h. Table 3 
illustrates growth characteristics calculated for carotenogenic yeasts cultivated on glucose 
and glycerol. 
Table 3: Growth characteristics for carotenogenic yeasts 
Red yeasts strain x (g∙l-1) Δx (g∙l-1) Δt (h) µ (h-1) Px (g∙(l∙h)
-1
)  
RG control 23.21 22.14 20.0 0.048 0.97 
CC control 12.49 10.48 21.0 0.041 0.52 
SR control 23.45 21.57 22.5 0.041 0.88 
RG glycerol 29.53 27.58 47.0 0.016 0.59 
CC glycerol 30.81 27.99 43.0 0.021 0.67 
SR glycerol 7.23 6.21 44.0 0.020 0.16 
 
As it was expected, glycerol was intensively utilized mainly by C. capitatum. 
During the first 28 h from the beginning of cultivation more than one half of overall 
amount of glycerol was consumed, leaving in the culture broth rest amount of glycerol, 
12.05 g∙l-1. R. glutinis also utilized glycerol, but not as fast as it was found in C. capitatum. 
In the first phase (lag and beginning of exponential phase) the remained glycerol was 16.47 
g∙l-1, which was significantly higher available amount of glycerol in comparison to 
C. capitatum. It is interesting that in the next 22 h concentration of free glycerol decreased 
only 5 g∙l-1 and biomass was doubled. At the end of cultivation (75 h) residual glycerol 
was, like in the case of C. capitatum very low, 1.76 g∙l-1. Oppositely, S. roseus utilized 
glycerol relatively slowly. Observing produced biomass, which was very small (4.14 g∙l-1 
(28 h) and 7.31 g∙l-1 (50 h)), glycerol is probably no suitable carbon source for S. roseus 
biomass production. At the end of cultivation 11.50 g∙l-1 of glycerol remained in medium. 
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That large amount of free glycerol represents approximately the same amount when 
R. glutinis or C. capitatum was cultivated for 50 h (Table 4). 
 
Table 4: Yield coefficient and residual glycerol amount obtained during the cultivation (from 
supernatant) 
supernatant A
540
 (100x) 
 
cglycerol (g∙l
-1
) x0 (g∙l
-1
) x (g∙l-1) Yx/S (g∙g
-1
) 
RG (27 h) 0.300 16.47 1.45 15.11 1.01 
RG (50 h) 0.213 11.69 1.45 29.53 1.53 
RG (72 h) 0.033 1.76 1.45 28.98 0.97 
CC (28 h) 0.220 12.05 1.67 16.54 0.83 
CC (50 h) 0.018 0.96 1.67 29.41 0.96 
CC (75 h) 0.017 0.93 1.67 35.46 1.16 
SR (28 h) 0.501 27.47 0.98 4.14 1.25 
SR (50 h) 0.377 20.70 0.98 7.31 0.68 
SR (75 h) 0.210 11.50 0.98 9.48 0.46 
 
Yield coefficient was determined from the following formula (3): 
 
      X/S   
  
  
 
    
    
          (3) 
 
where dx represents biomass production during growing and dS represents substrate 
degradation during the time. Yield coefficient expresses the amount of yeasts biomass in 
grams which is formed by degradation of 1 g of substrate. 
4.5.3. Flow cytometry results 
For monitoring physical and chemical changes of yeasts cells during cultivation in 
bioreactor flow cytometry was used. Application of this technique to red yeast analysis has 
been not described yet. Thus, analysis conditions should be set and optimized. 
Nevertheless, presented results should be interpreted a preliminary. 
In the Figure 4 flow cytometry data of R. glutinis are presented (glycerol medium). 
Samples were taken immediately after starting the cultivation (0 hours), after 24 h and 50 
h, respectively. From the histogram a small amount of dead yeast cells can be observed 
(first column). It could be assumed that dead cells were gained mainly from inocula. 
Many doublets and other forms of aggregations can be observed too, probably as a typical 
response to stress. At the beginning of fermentation, yeast cells were relatively big, while 
during the fermentation cells started to decline (see second and third column) and to avoid 
aggregates. 
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Figure 4: Flow cytometry data of R. glutinis cultivated on technical glycerol immediately after 
starting the cultivation (0 hours), after 24 h and 50 h 
 
From the Figure 4 relatively reduced size of the red yeasts cells after 24 hours of 
cultivation can be observed, where red area from first cytogram was transferred to left low 
corner. Cells were now adapted to new environment and number of dead cells was 
reduced. Aggregation of yeasts cells can be also noticed. After 50 h from starting the 
fermentation in bioreactor, yeasts cells continued to be smaller, which could be noticed 
from Figure 4 by shifting red area to the place with small particles. Peak of dead cells 
occurred too.  
Flow cytometry could play a big role in determination of physical and chemical 
properties of red yeast cells, acting as a strong tool also in different spheres of science. 
 
4.5.4. Metabolite production 
During cultivation in laboratory fermentor also pigments and ergosterol production 
was observed. Samples from bioreactor were taken after 28 h, 50 h and at the end of the 
cultivation. Red yeast biomass cultivated on glucose was produced intensively within the 
first 28 h. After entering into stationary phase, biomass production rate was slowed. 
Using glycerol as a carbon source, the biomass was almost doubled between 28 h and 50 h 
in both R. glutinis and C. capitatum. Ergosterol as well as carotenoid production was much 
decreased (using glucose or technical glycerol as a carbon source) when compared to yeast 
cultivation in Erlenmeyer flasks. Cultivation in fermentor gave very low yields of 
metabolites mainly due to different cultivation conditions than in Erlenmeyer flasks. 
Probably the pH value, which was maintained at a constant value of 4.5 during all the time, 
could substantially affect on pigment and ergosterol production. 
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According to the literature [48], red yeasts R. glutinis were able to grow and form 
pigments under a wide range of initial pH conditions - from 2.5 to 9.5. The cell dry weight 
increased gradually with an increase in the pH of the broth, while the highest carotenoids 
yield (3.3 mg∙l-1) was obtained at pH 5.5 and can be considered as the optimum pH for 
pigment production in this yeast. Other strain - R. mucilaginosa also exhibited the same 
optimum pH, but failed to grow at pH 3.0. Also the value of rpm was variable during the 
time of cultivation in fermentor. It was changed to maintain constant value of air 
saturation, which cannot drop below 10 % during whole fermentation process. Those two 
factors (pH and DO) were crucial for red yeasts cultivation. Setting the constant value of 
dissolved oxygen by cascade mode it could be possible to obtain even higher amount of 
desired metabolites and also biomass. 
 Increased dissolved oxygen resulted in increased values of cell biomass and beta-
carotene concentrations and vice versa. However, other parameters such as low and high 
temperatures (23 °C and 37 °C) and pH values (4 and 8) signiﬁcantly decreased both 
biomass and β-carotene production. In addition, their interaction could aﬀect the biomass 
and β-carotene production [49]. 
  
4.6. MICROBIAL FUEL CELL (MFC) 
Several parameters have been monitored in different batches. First, the anode 
electrode area was altered aiming to find the optimal condition for charge collection. One, 
two or four electrodes on the same stainless steel rod were used. Then, the influence of 
bacterial biofilm attached on the electrode surface from previous experiments on MFC 
properties was investigated. As the most important parameters, different additional 
substrates were applied to anode solution in order to provide better bacterial growth in 
MFC, and, therefore better production of electrical current. As mentioned in Materials and 
Methods (see chapter 3.4.), sodium acetate, technical glycerol and waste glycerol obtained 
from the biodiesel plant were used. The aim of this part of presented work was to test use 
of waste glycerol for MFC due to their role as by-product of biodiesel 
production.The potential of glycerol as an MFC feedstock is just starting to be realized. 
4.6.1. Sodium acetate as additional substrate in MFC 
The experiments were carried out at the best possible conditions, using sodium 
acetate as an additional substrate to waste water and as a reference to the other investigated 
additional substrates. Different external resistance (from 1 000 Ω to 350 Ω) was applied, 
different anode area (from 48 cm
2
 to 192 cm
2
) and the new and reused anode electrodes 
were tested. The distance between electrodes was significantly reduced and in both 
compartments ionic strength was increased (addition of phosphate buffer to both electrode 
solutions). Above described design of MFC was proposed in order to improve fuel cell 
working rate [37]. The MFC reactor was run approximately from 150 hours to 220 hours 
(see Table 5). 
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Table 5: Electrochemical characteristics of MFC batches using acetate 
MFC 
(sodium acetate) 
UOCV 
(mV) 
Rinternal 
(Ω) 
Rexternal 
(Ω) 
ANODE 
AREA 
(cm
2
) 
Charge 
(C) 
CEff 
(%) 
Umax 
(mV) 
Pdensity
max
 
(mW∙m-2) 
1. EXPERIMENT 650.0 249.8 1000 48 176.3 5.19 680.9 96.6 
2. EXPERIMENT 708.2 132.1 1000 96 264.5 7.79 658.5 45.2 
3. EXPERIMENT 685.9 116.8 500 96 497.5 14.6 675.5 95.1 
4. EXPERIMENT 697.6 102.1 350 96 567.5 16.7 688.8 141.2 
5. EXPERIMENT 743.8 136.3 1000 96 185.3 5.46 686.6 49.1 
6. EXPERIMENT 689.9 171.5 1000 48 249.5 7.35 714.4 106.3 
7. EXPERIMENT 704.1 122.1 500 96 483.6 14.2 685.4 97.9 
8. EXPERIMENT 679.9 119.0 500 96 465.5 13.7 631.0 83.0 
9. EXPERIMENT 692.6 122.0 350 96 559.8 16.5 676.7 136.3 
10. EXPERIMENT 1171 170.5 1000 192 87.4 2.57 1006 52.7 
 
The dependence of the current, potential and charge on the time using acetate as 
substrate is plotted on Fig. 5 (for 1
st
 batch).  It is clear that charge is increasing linearly 
during the time for 80 h, when the current was on constant value, 0.63 mA. At 80
th
 hour, a 
clear breakpoint of the process was observed, resulting in constant charge and rapid current 
decrease. This effect could be connected with exhausting of the substrate, which led to a 
rapid decrease of the viability of bacteria present in anode solution. Internal resistance of 
fuel cell during 152 hours of running increased with the time, which is a typical behaviour 
of battery cells. In our case chemical process was exhausted after 80 hours and substrate 
consumption led to cleaning of the used waste water from acetate and other compounds. 
 
 
Figure 5:   Dependence of the current (pink curve) and charge (red curve) versus time using 
acetate as substrate (1
st
 batch) 
 
In further experiments also an influence of bacterial biofilm attached on anode 
surface on electricity production and other electrochemical properties was studied. 
Hypothetically, it was assumed that bacterial cells attached on surface utilize substrate 
better, and, therefore, more intensive system response can be observed. Considering 
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obtained results in batches 2 (with two new electrodes) and 5 (with already utilized 
electrodes from previous experiments) relatively the same values of internal resistance, 
132.1 Ω and 136.3 Ω and current production 0.63 mA and 0.58 mA, respectively can be 
noticed. The main difference occurred in values of Faraday efficiency and charge. 
The highest charge collection and efficiency was found in the MFC without attached 
bacterial film (see Table 5). In the experiments with new anode electrodes, bacteria need to 
be first adapted to the medium and surroundings. Time of adaptation or lag phase without 
producing any electricity (see Figure 6) can be observed. On the contrary, electrodes with 
formed biofilm reused in other batches with freshly added substrates exhibited no phase of 
bacteria accommodation, giving potential response immediately after starting new batch 
One of important parameters which have been monitored was influence of their 
anode area on MFC activity. Roughly observing several batches with different anode 
surface (1
st
, 2
nd
, 5
th
, 6
th
 and 10
th) and the same external resistance (1 kΩ), the highest value 
of power density was found in the fuel cell with only one electrode (1
st
 and 6
th
 
batch, 96.6 mW∙m-2 and 106.0 mW∙m-2, respectively). Other batches with two or four 
electrodes (and with or without bacterial film) have quite the same value of Pdensity
 
(around 
50 mW∙m-2). 
 
 
Figure 6:   Dependence of the current (pink curve) and charge (red curve) versus time using 
acetate as substrate (2
nd
 batch) 
 
Values of Faraday’s efficiency submitted previous speculations that MFC with four 
electrodes gave the smallest amount of electrons to anodes (2.57 %). The highest 
efficiency was found in the 6
th
 batch with one electrode and in the 2
nd
 batch with two 
electrodes, where one electrode was the new one. The internal resistance has been also 
observed. The smallest average values of Ri were detected in the MFC with two electrodes, 
no matter if those electrodes are new one reused. Four electrodes placed paralelly on the 
stainless steel rod are not recommended mainly due to small values of power densities and 
low capacity of transferring electrons from presented substrate to electrode. Other solution 
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could be to design different shape of electrodes or to arrange a differently anode or cathode 
compartment.  
The determinations of residual concentration of substrates were done as mentioned 
in Materials and Methods (see chapter 3.5.4.). As expected, concentration of substrate was 
decreased during first 70 hours from 1.64 g∙l-1, added at the beginning, to 0.21 g∙l-1 which 
corresponded to the current production obtained by degradation of substrate by added 
bacteria. As the concentration of acetate in anode solution was decreased, that implicitly 
increased pH value of the electrolyte. At the end of the 1
st
 batch, pH stayed constant nearly 
7.5, being all the time around that value. According to the literature [37] where the same 
designs of MFC at the same conditions were used, acetate concentration was also 
decreased like in this situation, only with a slower rate.  Also pH value in [37] was ranging 
from 6.5 to 7.6 during the cultivation period. 
 
4.6.2. Waste/technical glycerol as additional substrate in MFC 
Technical glycerol was used in following series of experiments as an additional 
control for comparison of MFC activity in presence of waste glycerol. The concentration of 
waste glycerol (obtaining approx. 83.22 % of pure glycerol) used in MFC experiments was 
2.34 g∙l-1 which, calculated to technical glycerol, gave 2.0 g∙l-1 (21.7 mmol∙l-1). 
Three batches with technical glycerol were tested for electricity production. Further five 
experiments with similar external resistance (from 464 to 500 Ω) and the same number of 
parallel anode electrodes immersed in anode solution were performed for waste glycerol 
(Table 6). The anode area stayed the same for both series of experiments (four electrodes 
with effective surface of 192 cm
2
). 
 
Table 6: Electrochemical characteristics of MFC batches using technical and waste glycerol 
MFC 
(technical glycerol) 
UOCV 
(mV) 
Rinternal (Ω) Rexternal (Ω) ANODE 
AREA (cm
2
) 
Charge 
(C) 
CEff 
(%) 
Umax 
(mV) 
Pdensity
max
 
(mW∙m-2) 
11. EXPERIMENT 714.6 670.6 350 192 576.8 8.94 783.6 91.4 
12. EXPERIMENT 588.4 276.8 500 192 788.4 12.2 640.8 42.8 
13. EXPERIMENT - - 500 192 357.0 5.54 351.0 12.8 
MFC 
(waste glycerol) 
UOCV 
(mV) 
Rinternal (Ω) Rexternal (Ω) ANODE 
AREA (cm
2
) 
Charge 
(C) 
CEff 
(%) 
Umax 
(mV) 
Pdensity
max
 
(mW∙m-2) 
14. EXPERIMENT 708.1 672.7 500 192 276.3 4.28 677.8 47.9 
15. EXPERIMENT 554.7 655.4 464 192 572.2 8.87 364.4 14.9 
16. EXPERIMENT 652.8 556.3 500 192 296.7 4.60 720.4 54.1 
17. EXPERIMENT 472.2 532.6 464 192 476.1 7.38 722.3 58.6 
18. EXPERIMENT - - 500 192 267.2 4.14 305.7 9.7 
 
Coulombic or Faraday’s efficiency (CEff) in batches with waste glycerol was lower 
in comparison with experiments where acetate and technical glycerol were used, using the 
same MFC reactor construction, with the same anode area surface and external resistance. 
The higher value of CEff in the MFC with acetate is probably due to simplier metabolic 
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pathway and thereby no by-product formation [37] like in the case of glycerol. It was 
obvious that changing the value of external resistance for just 50 Ω under the same 
conditions can double the value of Coulombic effect, and, thus, to accelerate the transfer of 
electrons from substrate to anode electrode. Coulombic efficiency can be greatly affected 
by cell growth, as electrons are used in the production of biomass instead of being 
transferred to the anode [50].  The power delivered by a fuel cell is maximized when the 
external load matches the internal resistance of the fuel cell system [51]. 
In experimental batches (see Table 6) changes of substrate degradation during the 
MFC running were also observed. As expected, concentration of waste/technical glycerol 
was gradually decreased. In contrast to batches with acetate as carbon source, degradation 
of waste glycerol led to simultaneous production of several by-products gained form 
glycerol metabolism under anaerobic conditions. As mentioned before, during anaerobic 
catabolism of glycerol by bacteria, various compounds can be formed, especially 1, 3-
propanediol, propionic acid, acetic acid and ethanol. In batches with waste glycerol mainly 
propionic acid and acetic acid were synthesized, with small contribution of ethanol and 
formic acid. The concentration of propionic acid increased to maximal value of 4.66 g∙l-1, 
and acetic acid to 0.26 for 15
th
 batch, and 4.37 g∙l-1 of propionic acid and 0.29 g∙l-1 of acetic 
acid for 17
th
 batches. Similar effects were also observed in study with glucose and xylose 
used for fermentation as additional carbon sources [37]. The pH value was decreased in 
first 100 hours from 6.7 - 7 in the beginning to 4.9, due to formation of acetic acid by 
degradation of glucose. The formation of acetate, furthermore, indicates presence of 
acidogenic bacteria and simultaneous formation of acetate and electricity. This bacterium 
seems to be quite tolerant to large pH changes [37]. The concentration of produced 
propionic and acetic acid in batches with technical glycerol were relatively low when 
compared with waste glycerol experiments. Here, concentration of acetic acid was a little 
bit higher than propionic acid, which was opposite situation than in experiments with 
waste glycerol. Also low concentration of ethanol and formic acid was obtained, 0.068 g∙l-1 
and 0.022 g∙l-1 respectively 
Relatively long period of constant current during the running was observed. 
Production of propionic and acetic acid could probably somehow affect on overall 
electrochemical stability of the system, do not allow immediately dropping of the current. 
Those contradictions between relatively high value of Ri from one side and stabile current 
value from the other side can be explained only by forming some product which can be 
also degraded by some bacterial strains present in waste water environment. 
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5. CONCLUSIONS 
 
 Presented study was focused on a comparison of growth and production properties 
of seven red yeast strains of the genus Rhodotorula, Sporobolomyces and 
Cystofilobasidium, when cultivated on glycerol substrate (technical and waste) as 
well as in mixed glycerol: glucose media. Crude glycerol is generated as a high-
volume co-product of biodiesel production, which has negatively impacted the 
economic viability of current biodiesel production processes. Thus, the aim was to 
find strains suitable for industrial use of cheap simple medium with waste glycerol 
as a carbon source for bioproduction of other products with high added value - 
enriched yeast biomass and specific yeast metabolites (carotenoids, ergosterol, 
lipids).  
 All tested red yeast strains were able to utilize glycerol as the only carbon source. 
The biomass production, when cultivated on pure technical glycerol, are less or 
more equal with control(about 7 - 10 g∙l-1). Similar yields of biomass in glycerol, 
mixed glycerol/glucose as well as glucose medium were observed in all studied 
strains, thus, glycerol could be considered as valuable carbon source usable to 
replacement of glucose in yeast cultivation media. 
 Production of biomass on waste glycerol as the only carbon source was in all strains 
(except S. roseus) higher than in control as well as in medium with pure technical 
glycerol (10.9 - 14.5 g∙l-1). Production of carotenoids and ergosterol was better in 
glucose medium than in medium with glycerol only. This effect could be probably 
associated with presence of some other nutrition sources and factors in waste 
glycerol (e.g. additional nitrogen source etc.), which can influence growth and 
metabolic activity of red yeasts. Differences in utilization of glycerol and glucose 
are probably interconnected with different yeast transport systems for glucose and 
glycerol as well as with some stress role of glycerol in red yeast 
metabolism. The highest yields of pigments were reached in S. roseus strain, which 
is typical by very low biomass production. With regards to growth and production 
stability, the suitable candidates for biotechnological applications in the area of 
carotenoid rich biomass and pigment production on glycerol substrate are mainly 
Rhodotorula glutinis, Cystofilobasidium capitatum and Sporobolomyces shibatanus. 
These strains take advantage of the utilization of the whole biomass (complete 
nutrition source), which is efficiently enriched for carotenoids (provitamin A, 
antioxidants) and also ergosterol (provitamin D). Such a product could serve as an 
additional natural source of significant nutrition factors in feed and food industry.   
 All tested red yeast strains were able to produce neutral lipids. Under conditions 
optimal for pigment production the lipid yield was in range of 11 - 15 % except 
C.capitatum, which produced more than 22 % of neutral lipids. Production of lipids 
was in all strains in about 10 - 30 % better in glycerol medium, in which not only 
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C. capitatum, but also R. aurantiaca and S. shibatanus reached lipid production up 
to 20 % of biomass when compared with glucose medium. So, red yeasts strain 
could be used as a single oil cells, but it is mandatory to shift to cultivation 
conditions which is optimal and suitable for lipid overproduction. 
 Using wheat straw hydrolysates as a complex carbon source, as the best biomass 
producers R. glutinis, C. capitatum and S. roseus, respectively were found. 
In control series bigger amounts of biomass in comparison with series cultivated on 
hydrolysates were found. In general, decreased biomass production could be caused 
by the presence of possible microbial growth inhibitors in hydrolysates. Compounds 
such as furfural, HMF (hydroxymethylfurfural), acids (acetic, levulinic) or other 
phenolic compounds mainly derived from lignine can be formed in pre-treatment 
process. Microbial toxicity is also associated with fermentation variables like 
microbial physiological growth conditions, dissolved oxygen concentration and pH 
of the medium. Except ergosterol, lower metabolite production was also detected 
cultivating R. glutinis and C. capitatum in hydrolysate medium. In contrary, the 
strain S. roseus exhibited different metabolic patterns - the highest carotenoids and 
sterol production, and probably could be considered for further studies. 
Unfortunately, generally low biomass formation of S. roseus can be the main reason 
why this strain cannot be explored for eventually scale up process. The best 
conditions for metabolite synthesis and biomass production were found using 
hydrolysate obtained at mediate conditions (195 °C). 
 Further waste products - water insoluble fraction after hydrothermal wheat 
pretreatment process (filter cake) and untreated wheat straw were used for 
orientation comparison. In red yeasts wheat straw has proved to be better substrate 
with a bigger potential for biomass and metabolite production, especially in 
S. roseus strain. From economical point of view, direct utilization of untreated 
wheat straw could be cost-effective, taking into consideration of high energy input 
used for pretreatment process. Cultivated on pretreated material red yeasts 
accumulated some unknown compounds with absorption maximum of 306 nm and 
with a specific absorption spectrum. It was assumed that during the pretreatment 
some inhibitors are formed, which stopped the process of carotenogenesis in the 
early stages, not permitting synthesis of “higher carotenoids” as well as β-carotene. 
Future studies using both pretreated substrates need to aim investigations on (i) 
enzyme addition prior cultivation on filter cake (ii) optimization of conditions for ß-
carotene production on hydrolysate (iii) effect of inhibitors as stress factor to affect 
carotenoids production, (iv) consideration of using this waste for producing 
food/feed products. However, it should be considered that waste residues and 
energy crops cannot be used directly in feed and food products and need to be 
studied, extracted and characterized before use.  
 Whey is an important surplus product of food industry. Huge quantities of whey 
produced worldwide can represent an environmental problem with its disposal. 
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Due to the fact that whey is rich in fermentable nutrients, it can be considered as an 
attractive substrate for microbial production of various industrially interesting 
products. Whey substrate from dairy was tested in presented study in co-culture of 
yeasts and bacteria. Whey can be effectively utilized by synergic activities of 
carotenogenic yeasts and lactic acid bacteria. Co-cultivation process could lead to 
overproduction of pigments and ergosterol and, therefore, obtained biomass 
(enriched also with L. casei bacteria) will increase overall quality. Further extension 
of cultivation period from 3 days to eventually 6 day could also contribute to higher 
metabolic activity of both strains and positively influenced finally biomass quality. 
 Substrates used in this study could be also effectively recovered in scale-up process 
carried out in the 2 l laboratory fermentor. In presented experiments, selected red 
yeasts strains were cultivated in basic glucose medium and in medium with 
technical glycerol. Cultivation conditions were significantly changed when 
compared to cultivation in Erlenmeyer flasks (500 ml). The main differences 
(beside overall working volume) were in pH and DO values which were not 
monitored in flasks. It can be concluded that pH value of 4.5 and cultivation without 
adjusting constant DO value were the main reasons why extremely low amounts 
both pigments and ergosterol were synthesized. Only in S. roseus strain (using basic 
glucose medium) unexpected amounts of biomass and pigments were formed. 
Further study of the influence of changed initial conditions favours on metabolism 
in this strain is needed. Furthermore, setting the value of DO to constant value could 
have a positive effect on overall biomass and metabolites productivity for all 
mentioned carotenogenic yeasts. 
 Difference in MFC properties between acetate and waste/technical glycerol 
wastewater enrichment was in relatively high considering power density values. 
In acetate batches was reached maximally 141.2 mW∙m-2, while in MFC with added 
waste or technical glycerol the values of Pdensity was in range from 58.6 mW∙m
-2
 in 
waste glycerol experiments to 91.4 mW∙m-2. Considering Coulombic efficiency 
better properties was founded in acetate batches, with relatively descent amount in 
technical glycerol. Making general intersection of all batches and taking into 
account all partial conclusions, it can be submitted that MFC with one or two 
electrode are the best solution for studied MFC design. Four electrodes placed 
parallel on the stein steel rod are not recommended mainly due to small values of 
power densities and low capacity of transferring electrons from presented substrate 
to electrode. During the MFC running, internal resistance was increased 
immediately after current dropping. Bigger values of Ri have been observed in MFC 
batches with glycerol. Large reduction in internal resistance can potentially be 
obtained by shortening the electrode distance and increasing ionic strength with 
phosphate buffer. In the experiments with utilized new anode electrodes, bacteria 
need to be first adapted on the medium and surroundings, and therefore have been 
observed adaption or lag phase. Oppositely, fuel cells with re-used electrodes 
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obtained potential response immediately after starting a new batch. Biofilm attached 
on the surface could be of interest only in the experiment with lower applied value 
of external resistance (acetate as a substrate), and in the case of glycerol, electrodes 
with attached biofilm was better solution for improving MFC performances. 
 In contrast to batches with utilized acetate as carbon source, degradation of waste 
glycerol simultaneously gave several by-products gained form glycerol metabolism 
under anaerobic conditions. In batches with waste glycerol it was mainly 
synthesized propionic acid (from 4.37 - 4.66 g∙l-1) and acetic acid, with also 
contribution of ethanol and formic acid (with insignificant concentration) founded 
in technical glycerol. Those compounds could be overproduced with eventually 
further optimisation of MFC reactor designs and experimental conditions. 
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7. LIST OF ABBREVIATIONS 
 
BES    Bioelectrochemical Systems 
C.D.    Current density 
CCM    Czech Collection of Microorganisms 
CCY    Culture Collection of Yeasts 
CDW                                Dry Cell Weight 
CEff    Coulombic efficiency 
C. capitatum (CC)  Cystofilobasidium capitatum 
d.m.    Dry matter   
DMAPP   Dimethylallyl pyrophosphate 
DNA    Deoxyribonucleic Acid 
DTU    Danish Technical University 
FPP    Farnesyl Pyrophosphate 
GGPP    Geranyl Geranyl Pyrophosphate 
HMG-CoA   3-Hydroxy-3-methylglutaryl-coenzyme A 
HPLC-RI High Pressure Liquid Chromatography-Refractive index 
detector 
INO I, II   Inoculum media I, II 
IPP    Isopentyl Pyrophosphate 
L. casei (LC)   Lactobacillus casei subs. casei 
LC    Liquid Chromatography 
MFC    Microbial Fuel Cell 
MVA    Mevalonic Acid 
NAFION   sulfonated tetrafluoroethylene based fluoropolymer-copolymer 
P.D.    Power density 
PDA    Photo Diode Array Detector 
PTFE    Polytetraflouruethylene  
PUFA    Polyunsaturated fatty acid 
R. aurantiaca (RA)  Rhodotorula aurantiaca 
R. glutinis (RG)  Rhodotorula glutinis 
R. mucilaginosa  Rhodotorula mucilaginosa 
R. rubra (RR)  Rhodotorula rubra 
RP-HPLC   Reverse Phase High Pressure Liquid Chromatography 
SCO    Single Cell Oil    
S. roseus (SR)  Sporobolomyces roseus 
S. salmonicolor (SSa) Sporobolomyces salmonicolor 
S. shibatanus (SSh)  Sporobolomyces shibatanus 
TAG    Triacylglycerol 
UV-VIS   Ultraviolet-Visible detector 
v/v    volume to volume 
w/w       weight to weight 
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